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GUIDANCE AND CONTROL PAYLOAD SUPPORT REQUIREMENTS 
FOR A PLANETARY CARTOGRAPHIC PROBE 

By Sau l  Moskowitz 
E l e c t r o n i c s  Research Center  

SUMMARY 

The guidance and c o n t r o l  requi rements  f o r  payload suppor t  o f  a 
p l a n e t a r y  o r b i t i n g  c a r t o g r a p h i c  s p a c e c r a f t  have been examined. Mapping 
scales of 1 : 1 0 6  and 1 : 5  x l o 6  (wi th  t h e i r  a s s o c i a t e d  accuracy  and 
r e s o l u t i o n  s p e c i f i c a t i o n s )  w e r e  selected f o r  t h e  pa rame t r i c  s tudy  of 
Lunar, Mar t ian ,  and Jovian car tography.  R e l a t i o n s  were e s t a b l i s h e d  
between camera p o i n t i n g  a n g l e ,  f ie ld-of -v iew,  and imaging r e s o l u t i o n  
i n  t e r m s  of p l a n e t a r y  p h y s i c a l  c h a r a c t e r i s t i c s  and mapping scale. 
From t h e s e ,  o r b i t  s e l e c t i o n  r u l e s  w e r e  formula ted  f o r  o r b i t s  of v a r i o u s  
i n c l i n a t i o n s  w i t h  p a r t i c u l a r  a t t e n t i o n  d i r e c t e d  towards t h o s e  of  30 
and 9 0  deg rees  ( p o l a r  o r b i t s ) .  S p a c e c r a f t  a t t i t u d e  c o n t r o l  r e q u i r e -  
ments w e r e  t hen  ob ta ined  as a f u n c t i o n  of  t h e s e  parameters  and t h e  
selected image ove r l ap .  The r e s u l t i n g  o v e r a l l  guidance and c o n t r o l  
s p e c i f i c a t i o n s  are desc r ibed  i n  t e r m s  of  p o t e n t i a l  i n s t r u m e n t a t i o n  
subsys t e m s  . 

INTRODUCTION 

Two d i s t i n c t  classes of guidance,  n a v i g a t i o n ,  and c o n t r o l  r e q u i r e -  
ments can be  i d e n t i f i e d  w i t h  r e s p e c t  t o  mis s ions  f o r  t h e  d i r e c t  
s c i e n t i f i c  e x p l o r a t i o n  of  t h e  s o l a r  system. The f i r s t  i s  t h a t  class 
a s s o c i a t e d  w i t h  t h e  t r a n s p o r t a t i o n  of  t h e  s c i e n t i f i c  payload t o  t h o s e  
r eg ions  of space,&w-here t h e  des ig&obse rva t ions  and measurements are 
t o  be performed. The second class of requi rements  c o n s i s t s  of t h o s e  
related t o  t h e  suppor t  of t h e  payload d u r i n g  i t s  o p e r a t i o n .  The e f f o r t  
desc r ibed  i n  t h i s  r e p o r t  w a s  directed towards t h i s  l a t t e r  class as  
a p p l i e d  t o  a s p e c i f i c  mis s ion ;  t h a t  of producing q u a n t i t a t i v e  maps of 
t h e  v a r i o u s  bodies  of t h e  s o l a r  system. 

Ea r ly  s t u d i e s  of  l u n a r  problems ( r e f .  1)’ as r e f i n e d  a f t e r  t h e  
subsequent  r e c e i p t  of  a d d i t i o n a l  space  d e r i v e d  d a t a  ( r e f .  2 ) ,  led t h e  
au tho r  and h i s  a s s o c i a t e s  t o  an examinat ion of t h e  p o i n t i n g  c o n t r o l  
problem f o r  a l u n a r  o r b i t i n g ,  m u l t i a s p e c t ,  h igh  r e s o l u t i o n  t e l e s c o p i c  
camera ( r e f .  3 ) .  The data p resen ted  h e r e i n  r e p r e s e n t  an  e x t e n s i o n  
of t h e s e  i n i t i a l  e f f o r t s .  F i r s t ,  t o  a de t e rmina t ion  of  t h e  guidance,  
nav iga t ion  and c o n t r o l  requi rements  f o r  a l u n a r  o r b i t i n g ,  c a r t o g r a p h i c  
(photo-mapping) s p a c e c r a f t .  Secondly,  t o  t h e  g e n e r a l  case of a 
p l a n e t a r y  c a r t o g r a p h i c  o r b i t e r .  (The a n a l y s i s  o f  t h e  l u n a r  car tography 
problem w a s  formulated i n  t e r m s  of t h e  requi rements  e s t a b l i s h e d  i n  
Chapter 7 ,  r e f e r e n c e  2 . )  

The approach adopted f o r  t h i s  e f f o r t  d i f f e r s  from t h o s e  of  
ear l ie r  s t u d i e s  ( r e f s .  4 and 5 )  i n  t h a t  h e r e  c a r t o g r a p h i c  imaging i s  
formulated p a r a m e t r i c a l l y  r a t h e r  t h a n  i n  t e r m s  of  s p e c i f i c  equipment 
o r  equipment classes. F i r s t ,  mapping scales,  and t h e i r  a s s o c i a t e d  



resolutions and accuracies, were selected. Then by specifying a range 
of image resolutions and considering both nadir and oblique pointing 
cameras, optical field-of-view was related to altitude over the given 
range of variables. Derived orbit quantization levels (so that complete 
planetary coverage would be achieved) combined with the above mentioned 
data permitted the selection of specific orbits about each of the 
planets and the Earth's moon. To aid in the generation of actual 
guidance and control requirements and constraints, several representa- 
tive guidance, navigation, and control (GN&C) systems were postulated 
at the schematic level. Thus, a range of GN&C parameters was derived 
with respect to the basic cartographic requirements in terms of prac- 
tical equipment configurations. These, when compared to the state- 
of-the-art of instrumentation, should then aid the specification of 
feasible mission parameters compatible with equipment capabilities, 

MAPPING PARAMETERS 

The mission objective of any cartographic operation is generating 
sufficient data to permit the compilation of maps of metric quality. 
By "metric quality" one infers specified orthographic linearities and 
positional accuracies, elevation contour spacing and accuracy, and 
horizontal and vertical resolutions. Camera design parameters can be 
generated from these numbers and the special facts of the mapping 
operation (e.g., the physical properties of the selected planet; its 
mass, surface radius, atmospheric structure, diurnal period, polar 
axis orientation, period of revolution about the Sun, etc.). The 
metric quality of cartographic imagery is normally given in terms of 
mapping scale. 

Mapping Scales 

The scale of a map is the ratio of displayed image size to object 
size. Associated with each scale, one specifies a ground plane 
resolution, a positional accuracy with respect to a geodetic control 
network, the contour interval, and an accuracy of elevation determina- 
tion (all in linear measure). As Doyle points out with respect to 
lunar cartography (ref. 4) : 

"The ground resolution required for compiling terrestrial maps 
is dictated primarily by the cultural features (roads, buildings, 
etc.) which must be included. These are nearly independent of map 
scales, and hence required resolution is not linearly related to map 
scale. On the Moon, however, cultural features are expected to be 
absent so that a linear relation seems justified." 

Extending this reasoning to the general case of planetary mapping 
accuracy requirements as a function of map scale means using the values 
given in Table I. Data for mapping scales 1:10,000 through 1:2,500,000 
are from ref. 4, while the 1:5,000,000 case was obtained by linear 
extrapolation. 
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TABLE I.- MAPPING ACCURACY REQUIREMENTS 

6 1 : 5  x 1 0  

1:2.5 x 1 0  

6 1:lO 

1:2 .5  x 1 0  

6 

5 

5 1: 1 0  

1:5 x 1 0  

1 :2 .5  x 1 0  

1: L O ,  000 

4 

4 

P o s i t i o n  
Accuracy 

(Meters , r m s  ) 

1500 

750 

300 

75 

30 

15  

7.5 

3.0 

Ground 
Reso lu t ion  

(Meters 

250 

1 2  5 

50 

12 .5  

5.0 

2.5 

1 . 3  

0.5 

Contour 
I n t e r v a l s  

(Meters) 

2000 

1 0 0 0  

500 

1 0 0  

50 

25 

1 0  

5 

E l e v a t i o n  
Accuracy 

(Meters, r m s )  

750 

375 

150 

30 

15  

8 

3 

1 . 5  

For mapping scale s e l e c t i o n  c r i t e r i a ,  r e f e r e n c e  i s  made t o  t h e  
r e p o r t  o f  t h e  Lunar Sc ience  Geodesy & Cartography Working Group ( r e f .  
2 ) .  For t h e  Moon, t h e  fo l lowing  se t s  of maps are l i s t e d :  

1. 

2 .  

3. 

4. 

5. 

Or thographic ,  Merca tor ,  and p o l a r  s t e r e o g r a p h i c  p r o j e c t i o n s  
of t h e  whole Moon, 1:5,000,000 scale 

Complete coverage of t h e  Moon, 1 : 1 , 0 0 0 , 0 0 0  scale 

Coverage of approximately 2 0  areas of  i n t e r e s t  as Apollo 
A p p l i c a t i o n s  Program (AAP) landing  s i t e s  and traverses,  
1:250,000 scale 

Coverage of  c e n t r a l  p a r t s  o f  20  areas of s p e c i a l  i n t e r e s t ,  
1:50,000 scale 

Coverage of l and ing  s i t e s  i n  t h e  c e n t r a l  p o r t i o n  o f  AAP 
s i tes ,  1:5,000 scale 

Consider ing t h e  p re l imina ry  form of t h i s  p r e s e n t  s tudy ,  t h e  
mapping sets d e s c r i b e  under i t e m s  1 and 2 (above) were s e l e c t e d  f o r  
ex tens ion  t o  t h e  g e n e r a l  case of  p l a n e t a r y  car tography.  Thus t h e  
fo l lowing  a n a l y s e s  have been based upon 1 :5  x 1 0 6  and 1 : 1 0 6  mapping 
scales as d e f i n e d  i n  Table  I .  I n  r e t r o s p e c t ,  it should be noted  t h a t  
t h e  Lunar A s t r o n a u t i c a l  Char t  (LAC) series of maps of  t h e  nea r - s ide  of 
t h e  l u n a r  s u r f a c e  produced f o r  NASA by t h e  U.S. A i r  Force Aeronau t i ca l  
Char t  and Informat ion  Center  w e r e  drawn from ear th-based  o b s e r v a t i o n s  
t o  t h e  scale of 1 : 1 0 6 .  Lunar O r b i t e r  d a t a  w a s  used s i m i l a r l y  t o  pre-  
p a r e  l u n a r  f a r - s i d e  maps a t  a scale of 1 :5  x 1 0 6 .  
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C a m e r a  f ie ld-of -v iew can be expressed  i n  t e r m s  of s p a c e c r a f t  
a l t i t u d e  as a f u n c t i o n  of map s c a l e .  Objec t  p l ane  f i e l d  s i z e  i s  
r e l a t e d  t o  o b j e c t  p l ane  r e s o l u t i o n  element s i z e  through t h e  s e l e c t i o n ,  
o r  l i m i t a t i o n s ,  of  image r e s o l u t i o n .  Seve ra l  approaches t o  imaging 
system des ign  have been cons idered ,  some of  which have been a p p l i e d  
t o  l u n a r  s tudy  ( r e f .  6 ) .  However, so as n o t  t o  c o n s t r a i n  t h e  p r e s e n t  
s tudy  more t h a n  necessa ry ,  image r e s o l u t i o n  w a s  used as  a des ign  
parameter i n  t h e  form of n l i n e s  p e r  s i d e  of a square  image f i e l d .  
This  i s  i d e a l  i f  image tube  systems are t o  be employed. For photo- 
g raph ic  f i l m  n i s  t h e  product  of t h e  number of l i n e s  of image r e s o l u -  
t i o n  p e r  l i n e a r  measure m u l t i p l i e d  by t h e  l e n g t h  of t h e  s i d e  of t h e  
f i l m .  Here, f o r  numerical  c a l c u l a t i o n s ,  f i v e  va lues  o f  n w e r e  employed: 
n = 500, 1 0 0 0 ,  2 0 0 0 ,  3000,  and 4 0 0 0 .  Thus (as shown i n  F igu re  1) i f  
t h e  curved p l a n e t a r y  s u r f a c e  i s  approximated by a p l ane  (so t h a t  t h e  
r e s u l t s  ob ta ined  are cipproximately v a l i d  f o r  a l l  t h e  p l a n e t s )  t h e  
s i z e  of t h e  image f i e l d  i n  t h e  o b j e c t  p l ane  i s  n ( 6 s )  where ( 6 s )  i s  
ground r e s o l u t i o n  as  l i s t e d  i n  Table I .  Objec t  p l ane  f i e l d  s i z e s  are 
l i s t e d  i n  Table  I1 f o r  t h e  two s e l e c t e d  mapping scales and t h e  f i v e  
va lues  of n .  

Map 
Scale 

6 1: 1 0  

1 : 5  x 1 0  

SPACECRAFT 

Image Resolu t ion  (n)  

500 1 0 0 0  2 0 0 0  3000 4000  
l i n e s  l i n e s  l i n e s  l i n e s  l i n e s  

25 Km 50 Km 1 0 0  Km 150 Km 2 0 0  Km 

125 Km 250 Km 500 Km 750 Km 1 0 0 0  Km 

J \TRUE PLANETARY 
SURFACE n (6s) 

n=NUMBER OF FIELD IMAGE LINES 

Figure  1.- Geometry of  o b j e c t  p l ane  approximation 

TABLE 11.- OBJECT PLANE S I Z E  O F  FIELD 

4 



RADIUS OF PLANET ( IO3  K m )  

Figure  2 . -  F i e l d  of view excess  due t o  f l a t  p l a n e t  
approximation - 1 : 1 0 6  scale mapping 

I 2 3 4 5 6 7 8 9 1 0  20 30 40 50 60 70 8090 100 

RADIUS OF PLANET ( lo3 Km 

Figure  3 . -  F i e l d  of view excess  due t o  f l a t  p l a n e t  
approximation - 1 : 5  x 1 0 6  scale mapping 
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The limits of the validity of the flat planet approximation are 
shown by Figure 2 (1.106 mapping scale) and Figure 3(1:5 x lo6 mapping 
scale). The flat planet approximation results in the calculated field- 
of-view being in excess of the true required field-of-view. Corres- 
pondingly, ground image resolution is decreased in approximately the 
same proportion if the number of image lines (n) is held constant. 
The curves of Figure 2 indicate that the indicated approximation pro- 
duces, at worst, an error of no greater than about 0.05 percent (1 
part in 2000) for the Moon at 1:106 scale mapping. 
somewhat less for the various planets. 
mapping the errors are somewhat larger (Figure 3 ) .  However, since 
maps of the Moon already exist at 1:5 x 106 scale, the errors of the 
flat planet approximation do not exceed 0.8 percent for any planet 
of interest and are negligible for Jupiter and Saturn. 

The error is 
In the case of 1:5 x 106 scale 

Elevation Accuracy Resultant Constraints 

Normally a nadir point camera approach would be chosen for ob- 
taining cartographic images because of resultant lack of system 
complexity. A single camera (Figure 4) may be employed to obtain 
overlapping stereoscopic images from which elevation information may 

SINGLE DISPLACED 
SINGLE CAMERA 
-IMAGE PLANE- 

1st IMAGE 
COVERAGE 

OVERLAPPING 2 g  
IMAGE COVERAGE 

Figure 4.- Nadir pointing single camera 

be obtained. However, as camera altitude increases (with fixed object 
size) field-of-view decreases and so camera separation between 
successive exposures must decrease until an insufficient stereo base 
length results f o r  a desired vertical accuracy. Then oblique pointing 
cameras must be employed (Figure 5 ) .  Two cameras are now required 

6 



instead of one (with a corresponding increase in system complexity). 
The point at which this cross-over occurs is derived in the following 
paragraphs. 

DUAL DISPLACED 
CAMERA DUAL C ~ ~ E R ~  

a b  a b  

\ 
\ 
\ 
\ 
\ 

/ I \ \ 

L a  CAMERA, b CAMERA1 CAMERA, b CAMERAJ 

Figure 5.- Oblique pointing dual camera 

For the nadir pointing situation, camera translation distance, 
camera altitude, and image resolution determine the accuracy of object 
elevation determination. The elevation error triangle of Figure 6 
represents the uncertainty distribution in elevation, e, of a parti- 
cular point imaged on distinct surface plane resolution elements from 
a pair of overlapping images. 

If R = translation of spacecraft between images 

K = overlap fraction (e.g.,.60 or 60%) 

s = position of target from nadir in horizontal plane 

( 6 s )  = surface resolution element 

0 / 2  = camera half-angle 

h = altitude of spacecraft 

e = elevation of object point 

(6e) = maximum value of error in elevation 

$,, $2,  as defined in Figure 6a, then 

7 



R = ( 1 - K )  2h t a n  8 /2  (1) 

( 2 )  S t a n  $1 = - h-e 
R-S t a n  $ 2  = - h-e ( 3 )  

Approximating t h e  e l e v a t i o n  e r r o r  t r i a n g l e  by F igure  6b ( v a l i d  f o r  
smal l  values of t h e  r a t i o  ( 6 s ) / n ( 6 s )  o r  l / n )  

b. DETAIL OF ELEVATION 
UNCERTAINTY TRIANGLE 

Figure  6.-  Geometry of o b j e c t  e l e v a t i o n  u n c e r t a i n t y  
f o r  n a d i r  p o i n t i n g  cameras 

Now ( 6 e )  i s  d i r e c t l y  p r o p o r t i o n a l  t o  ( h - e ) ,  as i s  shown by E q s .  ( 2 )  
and ( 4 )  o r  E q s .  ( 3 )  and ( 5 ) ,  and takes on a maximum va lue  f o r  e = 0 
( o b j e c t  i n  t h e  ground p l a n e ) .  For t h i s  maximum e r r o r  case 

( 6 e )  (7  1 ( 1 - K ) 2 h  t a n  8 /2  - s  - (1-11) 
h (6e) 

_ -  t a n  $ 2  = 

8 



Solving (6) and ( 7 )  for the ratio 6e/6s 

se 1 
6s (1-K)2 tan e/, - =  

Thus, the elevation error is independent of s and constant across the 
entire object plane. Dependency upon spacecraft altitude and camera 
separation has been replaced by dependency upon 0 ,  the camera angular 
field-of-view. For a limiting value of 6e/6s, a limiting value for 8 
may be obtained. 

1 8 = 2 arctan 
- 2 (1-K) 6s 

(9) 

A numerical value for 6e/6s is obtained from Table I which gives 

rms 
(6s) = (10) 

for both mapping scales under consideration. It can be shown that for 
the given triangular distribution (of Figure 6b) 

= .41 (6e)rms 6e 

Then inserting Eq. (10) and Eq. (11) in Eq. (91, the limiting value of 
8 becomes 

= 18.9 deg emin (12) 

Equation (12) states that to meet the required elevation accuracies 
given in Table I, no combination of spacecraft altitude, ground plane 
object size, image overlap, and camera displacement between exposures 
is permitted which will result in a value of field-of-view for the 
nadir pointing camera of less than 18.9 degrees. To avoid this limi- 
tation, it becomes necessary to employ oblique pointing cameras. 

The problem of oblique pointing is that of the determination of 
the minimum offset angle c1 (of Figure 7) which maintains the same 
lateral camera displacement-altitude ratio which yields the elevation 
error triangle defined by Eq. (10) and Eq. (11). Substituting Eq. (8) 
into Eq. (1) 

6e R = h / -  
6s (13) 

From Figure 7 

9 



Figure  7.-  Geometry of  t h e  o b l i q u e  p o i n t i n g  camera 

us ing  Eq. (10) and Eq. (11) 

a : 3 .8  deg 

C a m e r a  Fields-of-View 

Parametric r e l a t i o n s  between mapping scale ,  s p a c e c r a f t  a l t i t u d e ,  
image r e s o l u t i o n  number ( n ) ,  and camera a n g l e  combined w i t h  t h e  con- 
s t r a i n t s  g iven  by E q .  ( 1 2 )  f o r  t h e  n a d i r  p o i n t i n g  case w i l l  e s t a b l i s h  
t h e  pe rmi t t ed  range  of  s o l u t i o n s  f o r  p l a n e t a r y  mapping. From F igure  
6 a ,  f o r  t h e  n a d i r  p o i n t i n g  case (p l ana r  approximat ion) .  

where 9 i s  t h e  camera f ie ld-of-view.  O p t i c a l  des ign  l i m i t a t i o n s  p l a c e  
an upper bound on 6 of  about  90  deg rees .  Using E q .  ( 1 6 )  F i g u r e s  8 and 
9 have been prepared  f o r  t h e  1 : 1 0 6  and 1 : 5  x 1 0 6  mapping scale cases, 
r e s p e c t i v e l y .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  on ly  a s m a l l  r ange  i n  
s p a c e c r a f t  a l t i t u d e  e x i s t s  ( i n  both  cases) between t h e  minimum and 
maximum v a l u e s  of camera f ie ld-of -v iew.  

10 



FIELD OF VIEW (DEG) 

Figure  8.-  Field-of-view curves  f o r  1 : 1 0 6  scale 
mapping ( n a d i r  p o i n t i n g  camera) 

10 20 30 40 50 60 m 80 90 

FIELD OF VIEW (DEG) 

Figure  9 . -  Field-of-view curves  f o r  1:s x 1 0 6  scale 
mapping ( n a d i r  p o i n t i n g  camera) 
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0 10 20 30 40 50 60 70 80 90 

FIELD OF VIEW (DEG.1 

Figure  1 0 .  - Field-of  -view curves  f o r  1 : l o 6  scale mapping 
(3 .8  deg o b l i q u e  p o i n t i n g  camera) 

Y 

IO 20 30 40 50 60 70 80 90 
FIELD OF VIEW (DEG.) 

Figure  11.- Field-of-view curves  f o r  1 :5  x l o 6  scale mapping 
(3.8 deq o b l i q u e  p o i n t i n g  camera) 

1 2  



PHYSICAL PROPERTIES 

Physical data for the planets and the Moon, as required for a 
first-order analysis, are presented in Table 111. A simple spherical 
model of mass distribution is used for all the planets. Spacecraft 
orbits were calculated on this basis even though Jupiter and Saturn 
exhibit (optically) oblateness on the order of 1/15 and 1/10, 
respectively. Of the three bodies receiving detailed study (Moon, 
Mars, and Jupiter), Jupiter presents particular problems to any 
cartographic operation. A clearly defined visible surface exists for 
the Moon and Mars. Jupiter's surface, if it exists at all, is hidden 
by a dense, cloudy atmosphere. 

The equatorial radius of Jupiter given in Table I11 is the 
measurement to the top of the observed cloud cover. The latitude 
dependence of this radius is listed in Table IV. No observations 
have ever been made of the surface of Jupiter. Theoretical models of 
the Jovian atmosphere give estimates of the depth from the top of the 
cloud cover to something like a surface as great as 4250 km (Ch. 14, 
ref. 9 ) .  The deep atmosphere models indicate surface temperatures of 
about 2000OK and a pressure of 200,000 earth atmospheres. It is 
doubtful if any optical system operating in or near the visual region 
of the spectrum would be able to penetrate very far into such an 
atmosphere. Thus, cartography of Jupiter will probably be restricted 
to recording and measuring the cloud structure at or near the top of 
the cloud layer; a structure which shows variation with time. 

All information to date shows that the Moon has essentially no 
atmosphere. Thus, there are really no limitations on the closeness 
of an orbiting spacecraft to the lunar surface except those required 
to prevent orbital perturbations from causing the spacecraft to 
impact the surface. This same situation is almost true for Mars. 
Models based upon Mariner IV results (ref. 8 )  yield a surface pressure 
of only 5 to 10 millibars or between about 1/200 and 1/100 of an 
earth atmosphere. 

A spacecraft at an orbital altitude of greater than 200  km from 
the surface of Mars should experience negligible drag. Jupiter, how- 
ever, again presents a significantly different situation. It is now 
assumed that the pressure at the top of the cloud cover lies somewhere 
between 1 and 3 earth atmospheres (ref. 9 ) .  The pressure (or density) 
structure above this surface is still somewhat uncertain. For the 
purposes of the following analyses, a lower altitude constraint of 
6 0 0  km above the equatorial cloud top has been placed upon orbit 
selection. 
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For the oblique pointing case (planar approximation) use of 
Figure 7 yields 

(17) n (6s)  8 = 2 (a+8/ '2)  = 2 arctan tan a + - 2h 

It should be noted that 8 now is the total field angle of the camera 
lens and as such covers more than the image field-of-view. This 
situation results from a desire to maintain the image plane parallel to 
the object plane so that image motion compensation can be achieved 
through a uniform rate of image plane translation. Thus the image 
centerline is offset from the optical axis by the angle a .  Using Eq. 
(17), Figures 10 and 11 have been prepared for the 1:106 and 1:s x l o 6  
mapping scale cases, respectively. The 90-degree maximum field of view 
limit (optical design restriction) still applies. However, with the 
oblique pointing configuration, the minimum field limits are those 
which result from camera pointing accuracy and stabilization limita- 
tions and eventually from diffraction effects. 

PLANETARY CHARACTERISTICS 

The analytical results discussed previously in MAPPING PARA- 
METERS are completely general (using the flat objet plane approxima- 
tion where required) and are applicable to any planetary mapping 
operation. The "special facts" of particular bodies are now required 
to continue this development. The reference planetoid is needed so 
that the number of image fields about the equator for each mapping 
scale and resolution number can be determined. The gravitation field 
is used to calculate the period of particular orbits about the planet. 
Then selection rules can be derived which yield those permitted values 
of the ratio between the siderial diurnal period of the planet and the 
orbital period of the spacecraft which produce complete and unique 
mapping coverage. These selection rules are also a function of the 
inclination of the orbit. General results are presented for the Moon 
and all the planets from Mercury through Saturn in order to illustrate 
the development of such relations. Detailed results are presented for 
the Moon, Mars, and Jupiter. 
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TABLE 111.- CHARACTERISTICS OF THE PLANETS AND THE MOON* 

Body 

Moon 

Mercury 

Venus 

Mars 

Jupiter 

Saturn 

Equatorial 
Radius (km) 

1 , 7 3 8  

2 , 4 2 0  

6 , 1 0 0  

3 , 3 9 5  

7 1  , 3 8 7  

6 0 , 4 0 0  

Equatorial 
Circumfer- 
ence (km) 

1 0  , 9 2 0  

1 5 , 2 0 5  

3 8 , 3 2 7  

2 1  , 3 3 1  

4 4 8 , 5 3 7  

3 7 9  , 5 0 4  

Diurnal 
Period 
(siderial) 

2 7 . 3 2 2  days 

5 9  2 2 days 

2 4 2 . 6  * . 6  days** 

24 h 3 7 . 3 8  m 

9 h 5 0  mt 

1 0  h 1 4  m 

Period of 
Rev0 lut ion 
( siderial) 

2 7 . 3 2 2  (days) 

0 . 2 4 1 1  

0 . 6 1 5 6  

1 . 8 8 2 2  

1 1 . 8 6  

2 9 . 4 6  

Gravitational 
Constant 
( km3/sec2 ) 

4 , 9 0 4  

2 1  , 8 0 0  

3 2 4 , 8 5 0  

4 2 , 9 3 0  

1 . 2 6 7 1  x l o 8  
3 . 7 9 2  x l o 7  

* 
* *  Data derived from refs. 7, 8 ,  and 9 

Retrograde motion 

'tSystern I , equatorial region 

TABLE IV.- RADIUS OF JUPITER AT VARIOUS LATITUDES* 

Z enoc en t r  i c L a  t i tude  

O 0  

15" 

30" 

45" 

60' 

75O 

go o  

* 

R a d i u s  of Visible Glove (km)  

71,387 

71 , 094 
70 , 295 

69,204 

68 , 825 
67 , 313 
67,020 

T a k e n  f r o m  T a b l e  3-2 of R e f e r e n c e  9 
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Orbit Selection 

The studies of Karrenberg, Levin, and Luders (Ref. 10) have 
resulted in detailed orbit synthesis constraints and requirements for 
Earth-orbiting satellites. Their formulation of the problem appears 
sufficiently general for extension to various problems of planetary 
orbiters with observational subsystems. They consider problems of 
imagery coverage (both complete and partial), orbital precession 
and change due to oblateness of the gravitational field and atmos- 
pheric drag, illumination angle, orbital ellipticity, and orbital 
maintenance and transfer. Here, in order to establish preliminary 
guidance and control requirements, a particularly restricted problem 
is considered. It is assumed that the orbits are nominally circular, 
the gravitational field is spherically symmetrical, and that, to 
first order, the orbits lie above the sensible atmosphere. (Upper 
limits on these same orbits are those established by Figures 8, 9, 
10, and 11.) The selection rules which will yield those orbits 
resulting in complete, and unique mapping coverage are derived below. 
They prove consistent with the work of Karrenberg, Levin, and Luders, 
in that they are a special case of more general relations. 

The width and length of the square image frame on the (assumed 
flat) ground plane is n(6s) or the product of the number of image 
lines and the specified ground resolution element. The arbitrary 
specification of the orientation of this image frame so that one side 
is parallel with the instantaneous orbital plane permits the deriva- 
tion of the required relations for complete mapping coverage. If CE 
is the equatorial circumference of the planet, N, the number of orbital 
passes needed to give complete coverage from polar orbit is 

where the prime ( I )  indicates the next highest integer value and a 
10 percent overlap yieldsathe 0,9 multiplying factor. Other values 
of overlap may be chosen depending upon the outcome of the tradeoff 
between number of data elements and spacecraft stabilization accuracy. 
Figure 12a depicts these overlapping image frames equally spaced about 
the planetary equator. 

The problem of spacing oblique orbits, orbits with inclinations 
less than 90 degrees, yields more complicated expressions. Based 
upon spherical trigonometry, the exact expression for the equatorial 
spacing, D, between adjacent orbital passes is 

D = 2 R arcsin E 

where RE is the mean equatorial radius of the planet and i is the 
orbital inclination, Figure 12b depicts the increase in spacing 
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D= 0.9 n (8s )  

----!I- EQUATOR 

D = 2 RE sin-' 
sin i 

ORBITAL TRACE 

a .  POLAR ORBITS b. OBLIQUE ORBITS 

Figure  12.- Image frame constraints on orbit spacing 



a s s o c i a t e d  w i t h  a d e c r e a s e  i n  ang le  of  i n c l i n a t i o n .  The a s s o c i a t e d  
p l ana r  approximation l e a d s  t o  

1 0 . 9  n ( 6 s )  D =  s i n  i ( 2 0 )  

The advantage of  Eq. ( 2 0 )  over  Eq. ( 1 9 )  i s  t h a t  it no longe r  c o n t a i n s  
t h e  p l a n e t a r y  r a d i u s  and so i s  g e n e r a l l y  a p p l i c a b l e  t o  a l l  p l a n e t s .  
The e r r o r s  i n  us ing  t h i s  approximation are shown by t h e  cu rves  of 
F igu re  13. I t  appea r s  then  t h a t  t h i s  approximation i s  j u s t i f i e d  
w i t h i n  t h e  l i m i t e d  scope of  t h e  p r e s e n t  s tudy .  I n  p l a c e  of Eq. (18)  
one o b t a i n s  

f o r  o r b i t s  of any i n c l i n a t i o n .  

The o r b i t a l  p e r i o d  of t h e  s p a c e c r a f t ,  P ,  i s  g iven  by 

P = 2 n 4 x  ( 2 2 )  

where a = semi-major a x i s  and 1-1 = m i G  w i th  m i  t h e  mass of t h e  i t h  
p l a n e t  and G t h e  u n i v e r s a l  g r a v i t a t i o n a l  c o n s t a n t .  I f  one a p p l i e s  
t h e  c o n s t r a i n t  t h a t  complete coverage i s  t o  be ob ta ined  wi th  a minimum 
number o f  o r b i t s ,  t hen  t h e  t o t a l  minimum t i m e  f o r  t h e  mapping opera-  
t i o n  i s  N P .  T o t a l  coverage impl i e s  t h a t  t h e  N + 1 t h  o r b i t  must, 
re t race t h e  lSt o r b i t .  
p l a n e t  must t a k e  p l a c e  du r ing  t h e  t i m e  N P .  I f  t h e  s i d e r i a l  pe r iod  of  
r o t a t i o n  of  t h e  p l a n e t  i s  T ,  t h e n  f o r  v a r i o u s  i n t e g e r  v a l u e s  of a 
mul t ip ly ing  f a c t o r  K ( n o t  t h e  s a m e  a s  t h e  o v e r l a p  f r a c t i o n )  t h e  
fo l lowing  r e s u l t s  

Thus, an  i n t e g e r  number of r o t a t i o n s  of t h e  

N P  = KT 

Transposing t e r m s  

N = K -  K = 1, 2 ,  ... P 

(23) 

N and T are f i x e d  numbers so t h a t  t h -  o r b i t a l  pe r iod  of t h e  s p a c e c r a f t  
(and hence "a" )  must assume d i s c r e t e  o r  quan t i zed  v a l u e s  dependent 
upon t h e  quantum number K .  . 

Not a l l  v a l u e s  of K are pe rmi t t ed ,  however. I f  N i s  d i v i s i b l e  
by any f a c t o r  of K (except  1) p e r i o d i c i t i e s  i n  t h e  mapping coverage 
w i l l  r e s u l t  which w i l l  p r even t  t h e  e n t i r e  s u r f a c e  from being mapped. 
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Figure  13 . -  O r b i t  spac ing  approximation e r r o r s  

i n c l i n a t i o n  - 30 deg rees  
mapping scale - 1:106 
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I f  N i s  prime, a l l  v a l u e s  of K are  permissable .  The i n t e g e r  K t hen  
a l s o  i s  t h e  number of  d i u r n a l  p e r i o d s  r e q u i r e d  f o r  complete mapping 
coverage. The fo rb idden  levels  may a l s o  be s p e c i f i e d  i n  t e r m s  of 
t h e  f r a c t i o n  N/K. A l l  v a l u e s  of  K are  pe rmi t t ed  f o r  which t h e  f r a c -  
t i o n  N/K i s  i r r e d u c i b l e .  I t  i s  s t i l l  h igh ly  d e s i r a b l e  t h a t  N be prime 
so t h a t  a l l  v a l u e s  of  K are pe rmi t t ed .  Tables  V ,  V I ,  and V I 1  l i s t  
t h e  v a l u e s  of  N c a l c u l a t e d  f o r  t h e  mapping parameters  o f  Table  I1 and 
t h e  p l a n e t s  of  Table  I11 f o r  o r b i t a l  i n c l i n a t i o n s  of  90  deg rees ,  6 0  
deg rees ,  and 30 deg rees ,  r e s p e c t i v e l y .  The n e a r e s t  prime numbers t o  
t h e s e  v a l u e s  o f  N are g iven  i n  t h e  pa ren theses .  

Sets of pe rmi t t ed  o r b i t a l  l e v e l s  have been gene ra t ed  f o r  t h e  
fo l lowing  cases: 

Body 

Moon 

Moon 

M a r s  

Mars 

Mars 

Mars 

J u p i t e r  

Scale 

6 1 : l O  

1 : 1 0 6  

6 1 : l O  

6 1 : l O  

1 : 5  x 1 0  

1 :5  x 1 0  

1 :5  x 1 0  

6 

6 

6 

I n c l i n a t i o n  

90" 

30"  

9 0 "  

30" 

90"  

30" 

90" 

Table  

V I 1 1  

I X  

X 

X I  

X I 1  

X I 1 1  

x I V  

The v a l u e s  of K employed and cor responding  o r b i t a l  a l t i t u d e s ,  s e m i -  
major axes ,  and o r b i t a l  p e r i o d s  are  p resen ted  i n  t h e  preceeding  
t a b l e s .  The o r b i t a l - l e v e l s  data ob ta ined  l e a d  t o  i n t e r e s t i n g  and 
somewhat unexpected r e s u l t s .  

Cont rary  t o  i n t u i t i v e  p r e d i c t i o n s ,  h igh - re so lu t ion  ( g r e a t e r  t han  
1 0 0 0  l i n e s )  imaging systems prove of l i t t l e  va lue  f o r  l u n a r  ca r tog raphy  
a t  a mapping scale of  1 : 1 0 6 .  The long d i u r n a l  pe r iod  r e s u l t s  i n  l i t t l e  
s u r f a c e  movement of  t h e  trace of  t h e  i n e r t i a l l y  f i x e d  o r b i t .  Tab le s  
V I 1 1  and I X  i n d i c a t e  t h a t  very  h igh  o r b i t s ,  and hence l a r g e  s p a c e c r a f t  
o r b i t a l  p e r i o d s ,  are r e q u i r e d  t o  t a k e  advantage of any l a r g e  number of  
r e s o l u t i o n  elements .  The a l t i t u d e s  of such o r b i t s  must be  measured 
i n  thousands of  k i l o m e t e r s .  I f  t h e s e  o r b i t s  w e r e  t o  be employed, t h e  
a s s o c i a t e d  a t t i t u d e  problems ( r e f e r e n c e ,  s t a b i l i z a t i o n ,  and p o i n t i n g )  
would become extremely d i f f i c u l t  t o  s o l v e .  I n  a d d i t i o n ,  a t  such 
a l t i t u d e s ,  o r b i t a l  p e r t u r b a t i o n s  due t o  t h e  E a r t h ,  t h e  Sun, and t h e  
nearby p l a n e t s  become s i g n i f i c a n t .  Mars and J u p i t e r ,  t h e  o t h e r  two 
p l a n e t a r y  bodies  s t u d i e d  i n  d e t a i l ,  do n o t  p r e s e n t  t h i s  problem due 
t o  t h e i r  r e l a t i v e l y  s h o r t  d i u r n a l  p e r i o d s .  
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Scale 

1: l o 6  

6 1:5 x 1 0  

2 1  



TABLE V I .  VALUES O F  N 
6 0  DEG INCLINATION ORBIT 

Scale n Moon Mercury Venus Mars J u p i t e r  S a t u r n  

5 0 0  5 8 6  

(587)  

1 4 7 6  

( 1 4 8 1 )  

1 7 2 6 5  1 4 6 0 8  

1 0 0 0  2 1 1  

( 2 1 1 )  

2 9 3  

( 2 9 3 )  

7 3 8  

( 7 3 9 )  

4 1 1  

( 4 0 9 )  

8 6 3 3  7 3 0 4  

1 0 5  

( 1 0 7  1 

1 4 7  

( 1 4 9 )  

3 6 9  

( 3 6 7 )  

4 3 1 6  3 6 5 2  2 0 0 0  

3 0 0 0  

6 1:lO 

7 0  

( 7 1 )  

9 8  

( 9 7 )  

2 4 6  

( 2 5 1 )  

2 8 7 8  2 4 3 5  1 3 7  

( 1 3 7 )  

1 0 3  

( 1 0 3 )  

1 6 5  

( 1 6 7 )  

~ 

7 4  

( 7 9 )  

2 1 5 8  1 8 2 6  4 0 0 0  

5 0 0  

~~ 

2 9 2 2  3 4 5 3  

1 0 0 0  4 2  

( 4 3 )  

5 9  

( 5 9 )  

1 4  8 

( 1 4 9 )  

8 3  

( 8 3 )  

1 7 2 7  

( 1 7 2 3 )  

1 4 6 1  

( 1 4 5 9 )  

2000  3 0  

( 3 1 )  

7 4  

( 7 9 )  

8 6 4  

( 8 6 3 )  

7 3 1  

( 7 3 3 )  

6 1 :5  x 1 0  

3 0 0 0  1 4  

( 1 7 )  

50 

(53)  

2 8  

( 2 9 )  

5 7 6  

( 5 7 7 )  

4 8 7  

( 4 8 7 )  

4 0 0 0  3 7  

( 3 7 )  

4 3 2  

( 4 3 3 )  

3 6 6  

( 3 6 7 )  
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TABLE VII. VALUES OF N 
30 DEG INCLINATION ORBIT 

Venus Mars Jupiter Saturn Scale 

6 1:lO 

6 1:5 x 10 

9968 8434 

4217 426 

(431) 

237 

(239) 

4984 

___ 

2109 213 

(211) 

119 

(127) 

2492 

142 

(139) 

1662 

(1663) 

1406 

(1409) 

79 

(79) 

60 

(61) 

95 

(97) 

1246 

(1249) 

1055 

(1051) 
~ 

1994 

(1993) 

1687 

(1693) 

86 

(89) 

48 

(47) 

997 

(997) 

844 

(839) 

43 

(43) 

24 

(29) 

499 

(499) 

422 

(421) 

29 

(29) 

333 

(331) 

282 

(283) 

22 

(23) 

12 

(13) 

250 

(251) 

211 

(211) 
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The number of E a r t h  days  r e q u i r e d  t o  map Mars cor responds  a lmost  
e x a c t l y  t o  t h e  number K because t h e  d i u r n a l  p e r i o d s  of bo th  p l a n e t s  
n e a r l y  c o i n c i d e .  A s i z e a b l e  number of o r b i t a l  levels  are  a v a i l a b l e  
f o r  1 : 1 0 6  scale mapping (Tables  X and X I ) .  
i s  n o t  r e q u i r e d  s i n c e  it w i l l  o n l y  t a k e  about  2 0  days  f o r  complete 
coverage from p o l a r  o r b i t  f o r  2 0 0 0  r e s o l u t i o n  elements  p e r  image frame 
s i d e  (n  = 2 0 0 0 ) .  Mapping from an  o r b i t  of 30 deg rees  i n c l i n a t i o n  
w i l l  t a k e  b u t  h a l f  as  long ,  a l l  o t h e r  parameters  remaining f i x e d .  For 
1:5 x 1 0 6  scale mapping of Mars (Tables  X I 1  and X I I I ) ,  t h e  lower 
r e s o l u t i o n s  should prove more d e s i r a b l e  t h a n  t h e  middle t o  h igh  v a l u e s  
of n because they  pe rmi t  s u f f i c i e n t  o r b i t a l  l e v e l s  t o  ease t h e  o r b i t a l  
shaping problem. 

Extremely f i n e  r e s o l u t i o n  

Mapping J u p i t e r  from p o l a r  o r b i t  a t  a scale  of 1 : 5  x l o 6  (Table  
X I V )  w i l l  be a time-consumming o p e r a t i o n  even w i t h  t h e  h i g h e s t  r e s o l u -  
t i o n  system. The t i m e  r e q u i r e d  f o r  complete coverage i s ,  approximate- 
l y ,  0.4K E a r t h  days.  The fo l lowing  l i s t  i n d i c a t e s  t h e  t i m e  needed t o  
y i e l d  one se t  of  images of t h e  e n t i r e  p l a n e t  f o r  each  of t h e  va lues  
of n employed: 

The longer  t i m e s  can cause  s e v e r a l  problems i n  t e r m  of  miss ion  
o p e r a t i o n .  R e l i a b i l i t y  i s  a problem f o r  any miss ion  of  several y e a r s  
d u r a t i o n .  Communications and d a t a  r e l a y  a re  s e r i o u s l y  a f f e c t e d  i f ,  
du r ing  a s i n g l e  mapping p a s s ,  one-half  of  an Ea r th  yea r  o r  more p a s s e s .  
Now one i s  f aced  w i t h  changes i n  p a t h  l e n g t h  of  up t o  2 as t ronomica l  
u n i t s  ( A U ) ;  t h a t  i s ,  t h e  e n t i r e  d iameter  of  t h e  E a r t h ' s  o r b i t .  Over 
long p e r i o d s  of t i m e ,  p e r t u r b a t i o n s  of t h e  s p a c e c r a f t s  o r b i t  w i l l  
probably induce l a r g e  a n g l e s  of p recess ion .  The o r b i t  w i l l  n o t  be 
a b l e  t o  r e t a i n  a d e s i r e d  o r i e n t a t i o n  wi th  r e s p e c t  t o  t h e  sun l i n e  and 
p l a n e t  w i thou t  a series of c o r r e c t i v e  a c t i o n s .  L a s t l y ,  J u p i t e r ' s  
appearance w i l l  be changing throughout  t h e  mapping o p e r a t i o n .  I t  i s  
t h e  atmosphere and n o t  t h e  s u r f a c e  which i s  being mapped i n  t h i s  case. 
Thus i f  t h e  t i m e  f o r  complete coverage i s  g r e a t ,  t h e r e  i s  a good 
chance t h a t  imagery, a d j a c e n t  i n  space b u t  n o t  i n  t i m e ,  w i l l  n o t  
connect  from one frame t o  ano the r .  The mapped s u r f a c e  w i l l  have 
changed i n  t h e  t i m e  i n t e r v a l  between a d j a c e n t  o r b i t a l  p a s s e s .  
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TABLE V I I I .  LUNAR ORBITAL LEVELS, 
1~106 SCALE MAPPING 
90 DEG INCLINATION 

K a ( k m )  

1 3,501 

D i u r n a l  Per iod  = 39,343.68 min 
E q u a t o r i a l  R a d i u s  1,738 km 

h ( k m )  P ( m i n )  

1,763 309.79 

n = 500 N = 487 

K a(km) h ( k m )  P ( m i n )  

2 5,558 3,820 619.59 
, 

2 2,269 531 161.57 

3 2,973 1,235 242.36 

4 3,601 1,863 323.15 

5 4,179 2,441 403.94 

6 4,719 2,981 484.73 

7 5,230 3,492 565.51 

8 5,716 3,978 646.30 

I n = 1000 N = 241 I ; I a ( k m )  1 h(;;L P h i n )  

2,284 163 a 25 

3,626 1,888 326.50 
~~~~ 

3 I 4,751 I 3,031 1 489.76 
-~ 

4 I 5,756 I 4,018 I 653.01 

I I . n  = 2000 N = 127 

I n = 3000 N = 83 

I n = 4000 N = 61 

11 I 5,709 I 3,971 I 644.98 I 

TABLE I X .  LUNAR ORBITAL LEVELS, 
1 : lo6 SCALE MAPPING 
30 DEG INCLINATION 

D i u r n a l  Per iod  = 39,343.68 m i n  
E q u a t o r i a l  R a d i u s  = 1,738 km 

1 n = 500 N = 241 I 
P ( m i n )  

163.25 

326.50 

489 76 
~ 

653 01 

n = 1000 N = 127 

I 1 I 3,501 I 1,763 309.79 I 
I 2 I 5,558 I 3,820 619.59 I 
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N = 4 1  9 
8 8  4 , 1 9 4  7 9 9  1 3 7 . 2 9  

8 9  4 , 2 2 6  8 3 1  1 3 8 . 8 5  

9 0  4 , 2 5 8  8 6 3  1 4 0 . 4 1  

9 1  4 , 2 8 9  8 9 4  1 4 1 . 9 7  

9 2  4 , 3 2 1  9 2 6  1 4 3 . 5 3  

- 
N = 31 

9 3  4 , 3 5 2  9 5 7  1 4 5 . 0 9  

9 4  4 , 3 8 3  9 8 8  1 4 6 . 6 5  
L 

TABLE X .  MARTIAN ORBITAL LEVEJJS, 
1 : 1 0 6  SCALE MAPPING 
9 0  DEG INCLINATION 

Diurna l  Period = 1 , 4 7 7 . 3 8  m i n  
E q u a t o r i a l  Radius  = 3 , 3 9 5  km 

f 
n = 1 0 0 0  N = 9 4 7  

X a ( k m )  h(km) P ( m i n )  
3 4  3 , 5 0 5  1 0 1  1 0 4 . 8 7  ~ 

n = 5 0 0  N = 9 4 7  
K I a ( k m )  I h ( k m )  I P ( m i n )  - 

3 6  
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3 , 6 4 1  2 4 6  1 1 1 . 0 3  

3 , 7 0 8  3 1 3  1 1 4 . 1 2  

1 6 7  I 3 , 4 9 7  I 1 0 2  I 1 0 4 . 5 2 1  

6 5  

6 6  

3 , 4 2 7  3 2  1 0 1 . 4 0  

3 , 4 6 2  6 7  1 0 2 . 9 6  
3 8  

3 9  

I 7 2  I 3 , 6 6 9  I 2 7 4  I 1 1 2 . 3 2  I 

3 , 7 7 5  3 8 0  1 1 7 . 2 0  

3 , 8 4 0  4 4 5  1 2 0 . 2 9  6 8  

6 9  

3 , 5 3 2  1 3 7  1 0 6 . 0 8  

3 , 5 6 6  1 7 1  1 0 7 . 6 4  

8 2  1 4 , 0 0 2  6 0 7  1 2 7 . 9 3  

7 0  

7 1  

183  I 4 , 0 3 4  I 6 3 9  I 1 2 9 . 4 9  1 

3 , 6 0 1  2 0 6  1 0 9 . 2 0  

3 . 6 3 5  2 4 0  1 1 0 . 7 6  

1 1 

I 8 7  I 4 , 1 6 2  I 7 6 7  I 1 3 5 . 7 3  

7 3  

7 4  

7 5  

7 6  

7 7  

7 8  

7 9  

3 , 7 0 3  3 0 8  113.88 

3 , 7 3 7  3 4 2  1 1 5 . 4 4  

3 , 7 7 1  3 7 6  1 1 7 . 0 0  

3 , 8 0 4  4 0 9  1 1 8 . 5 6  

3 , 8 3 7  4 4 2  1 2 0 . 1 2  

3 , 8 7 0  4 7 5  1 2 1 . 6 8  

3 . 9 0 3  5 0 8  1 2 3 . 2 5  

8 0  

8 1  

3 , 9 3 6  5 4 1  1 2 4 . 8 1  

3 , 9 6 9  5 7 4  1 2 6 . 3 7  

1 1 

4 0  I 3 , 9 0 6  I 511 I 1 2 3 . 3 7  
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n = 2 0 0 0  N = 2 3 9  1 

47  

4 8  

1 3 8  1 3 , 7 7 5  I 3 8 0  I 1 1 7 . 2 0  I 

4 , 3 4 9  9 5 4  1 4 4 . 9 6  

4 , 4 1 1  1 , 0 1 6  1 4 8 . 0 5  

2 3  I 4 , 2 9 3  I 8 9 8  1 1 4 2 . 1 7  

K 

11 
a ( k m )  h ( k m )  P ( m i n )  

3 , 4 7 4  7 9  1 0 3 . 5 1  

1 n = 4 0 0 0  N = 1 1 9  1 

1 8  

1 9  

2 0  

2 1  

3 , 6 4 6  2 5 1  1 1 1 . 2 7  

3 , 7 8 0  3 8 5  1 1 7 . 4 5  

3 , 9 1 1  5 1 6  1 2 3 . 6 3  

4 , 0 4 1  6 4 6  1 2 9 . 8 1  K 

9 

1 0  

11 

a ( k m )  h ( k m )  P ( m i n )  

3 , 6 5 6  2 6 1  1 1 1 . 7 3  

3 , 9 2 2  5 2 7  1 2 4 . 1 5  

4 , 1 8 0  7 8 5  1 3 5 . 5 6  

I 2 2 1  4 , 1 6 8  I 7 7 3  I 1 3 5 . 9 9  I 
2 3  
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4 , 2 9 3  8 9 8  1 4 2 . 1 7  

4 , 4 1 7  1 , 0 2 2  1 4 8 . 3 6  

TABLE X I .  MARTIAN ORBITAL LEVELS, 
1 : 1 0 6  SCALE MAPPING 
3 0  DEG INCLINATION 

1 2  

D i u r n a l  Period = 1 , 4 7 7 . 3 8  m i n  
E q u a t o r i a l  R a d i u s  = 3 , 3 9 5  km 

4 , 4 2 9  1 , 0 3 4  1 4 8 . 9 8  
I n = 5 0 0  N = 4 7 9  I 

K 

33 
a ( k m )  h ( k m )  P ( m i n )  

3 , 4 3 6  4 1  1 0 1 . 7 8  

1 1 1 . 0 3  

K 
6 

a ( k m )  h ( k m )  P ( m i n )  

3 , 6 6 7  2 7 2  1 1 2 . 2 1  

n = 3 0 0 0  N = 7 9  I 
7 

8 

4 , 0 6 3  6 6 8  1 3 0 . 9 1  

4 , 4 4 1  1 , 0 4 6  1 4 9 . 6 1  
3 7  3 , 7 0 8  I 313 I 1 1 4 . 1 2  

2 7  



I I n = 4 0 0 0  N = 2 5  

K 
2 

n = 4 0 0 0  N = 6 1  
a(-) h ( k m )  P ( m i n )  

3 , 7 9 6  4 0 1  1 1 8 . 1 9  
---- 

n = 5 0 0  N = 9 7  
. K a ( k m )  h ( k m )  P ( m i n )  

7 3 , 5 4 4  1 4 9  1 0 6 . 6 2  

8 3 , 8 7 4  4 7 9  1 2 1 . 8 5  

1 4  

1 5  

3 , 5 8 1  1 8 6  1 0 8 . 2 9  

3 , 7 4 9  3 5 4  1 1 6 , 0 2  

9 

1 0  

4 , 1 9 0  7 9 5  1 3 7 . 0 8  

4 , 4 9 5  1 , 1 0 0  1 5 2 . 3 1  

5 

6 

4 , 5 9 0  1 , 1 9 5  1 5 7 - 1 7  

5 , 1 8 3  1 , 7 8 8  1 8 8 . 6 0  

n = 3 0 0 0  N = 1 7  
K I a ( k m )  I h ( k m )  I P ( m i n )  

1 

I 

6 4 , 3 5 7  9 6 2  I 1 4 5 . 3 2  
I 

I 3 1 4 , 9 7 4  I 1 , 5 7 9  I 1 7 7 . 2 9  I 
I'ABLE X I I I .  MARTIAN ORBITAL LEVELS, 

1 : 5  x I O 6  SCALE MAPPING 
3 0  DEG INCLINATION 

7 1 4 , 8 2 8  I 1 , 4 3 3  I 1 6 9 . 5 5  I 
TABLE X I I .  MARTIAN ORBITAL LEVELS, 

1 : 5  x 1 0 6  SCALE MAPPING 
9 0  DEG INCLINATION Diurna l  Per iod = 1 , 4 7 7 . 3 8  m i n  

Equator ia l  R a d i u s  = 3 , 3 9 5  km 
D i u r n a l  Period = 1 , 4 7 7 . 3 8  m i n  
E q u a t o r i a l  R a d i u s  = 3 , 3 9 5  km 

I 1 3  1 3 , 4 0 8  I 1 3  I 1 0 0 . 5 5  I 

I 1 6  1 3 , 9 1 4  I 5 1 9  I 1 2 3 . 7 6  I 
. n = 1 0 0 0  N = 4 7  
K I a(km) I h ( k m )  I P ( m i n )  

I 4 1 3 , 9 5 6  I 5 6 1  I 1 2 5 . 7 3  I 

I 3 1 4 , 9 7 4  I 1 , 5 7 9  I 1 7 7 . 2 9  I 
forbidden 

11 1 4 , 8 5 7  1 , 4 6 2  I 1 7 1 , 0 7  

I 2 1 4 , 9 0 9  I 1 , 5 1 4  I 1 7 3 . 8 1  I 

n = 4 0 0 0  N = 4 9 9  

1 5 2  7 2 , 0 3 8  6 5 0  1 7 9 . 8 7  

153 7 2 , 3 5 3  9 6 6  1 8 1 . 0 6  

I n = 3 0 0 0  N = 31 I 1 5 4  I 7 2 , 6 6 8  1 1 , 2 8 1  I 1 8 2 . 2 4  I 
~ 

155 7 2 , 9 8 3  1 , 5 9 5  1 8 3 . 4 2  

I 4 1 5 , 2 2 0  1 1 , 8 2 5  I 1 9 0 . 6 3  1 

2 8  



1 2 3 7  n = 4 0 0 0  N = 1 3  
K I a ( k m )  I h ( k m )  I P ( m i n )  

7 2 , 9 0 1  1 ,514  1 8 3 . 1 2  

I 1 1 3 , 6 9 8  I 3 0 3  I 1 1 3 . 6 4  I 1 2 3 8  7 2 , 9 4 1  1 ,553 183 .26  

TABLE XIV. JOVIAN ORBITAL LEVELS, 
1 : 5  x 1 0 6  SCALE MAPPING 
9 0  DEG INCLINATION 

1 2 3 9  72 ,980 1 ,592 1 8 3 . 4 1  

612  

613 

7 2 , 2 8 1  893 1 8 0 . 7 8  

72 ,360 972  1 8 1 . 0 8  
K 

1 2 1 4  

a (km) h (km) P ( m i n )  

71,995 607  1 7 9 . 7 1  

1 2 1 6  

1 2 1 7  

72 ,074 686  1 8 0 . 0 1  

72,113 726  1 8 0 . 1 6  

1 2 1 8  

1 2 1 9  

1 2 2 0  

1 2 2 1  

1 2 2 2  

72,153 7 6 5  180 .30  

72 ,192 805  1 8 0 . 4 5  

72,232 844  1 8 0 . 6 0  

7 2 , 2 7 1  884 1 8 0 . 7 5  

7 2 , 3 1 1  9 2 3  1 8 0 . 9 0  

620  72 ,910 1 ,522 1 8 3 . 1 5  

1 2 2 3  

1 2 2 4  

72 ,350 9 6 3  1 8 1 . 0 4  

72 ,390 1 ,002  181 .19  305  

306 

72 ,224 857 . 180 .64  

72 ,402 1 ,015 181 .24  

n = 3 0 0 0  N = 6 6 1  
K I  a (km)  I h(km)  I P ( m i n )  

r 

1 2 3 2  

1 2 3 3  

1 2 3 4  

1 2 3 5  

1 2 3 6  

72 ,705 1 ,317 182 .38  

72,744 1 ,356  1 8 2 . 5 2  

72 ,783 1 ,396  1 8 2 . 6 7  

72,823 1 , 4 3 5  1 8 2 . 8 2  

72 ,862 1 ,474  1 8 2 . 9 7  

I 6 0 9  I 72 ,045 I 657  I 1 7 9 . 9 0 1  

I 610  I 72 ,123 I 736 I 1 8 0 . 1 9  I D i u r n a l  Period = 590.50  m i n  
E q u a t o r i a l  R a d i u s  = 71,387 k m  I 6 1 1  I 72 ,202 I 815 I 1 8 0 . 4 9  I 

i 

I 614 1 72,438 1 1 , 0 5 1  I 181 .37  I 
I 615  I 72,517 1 1 , 1 3 0  1 1 8 1 . 6 7  I 

1 2 1 5  172 ,034  I 647 I 179 .86  I 

1 619  I 7 2 , 8 3 1  1 1 , 4 4 4  I 1 8 2 . 8 5  I 

n = 2 0 0 0  N = 997 
K I  a(km) I h ( k m )  I P ( m i n )  

1 304  I 72 ,086  I 699 I 1 8 0 . 0 5  I 

1 2 3 1  172 ,665  I 1 ,278  I 1 8 2 . 2 3  I I 202 I 72 ,193 I 806 I 180 .46  I 
I 2 0 3  1 72 ,432 1 1 , 0 4 4  I 1 8 1 . 3 5 1  

I 2 0 4  I 72 ,669 1 1 , 2 8 2  I 182 .24  I 
205  I 72,906 1 1 , 5 1 9  I 183.14  I 
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GUIDANCE AND CONTROL REQUIREMENTS 

In support of the cartographic payload, an onboard guidance and 
control subsystem may be required to perform the following operations: 

Group I 

a. 
b. 

d. 
e. 
f. 
9. 
h. 

C. 

Boost guidance (from Earth) and attitude stabilization. 
Injection guidance from parking orbit 
Mid-course attitude and thrust control 
Deboost into planetary orbit 
Planetary orbit trim 
Orbital navigation 
Orbital transfer and correction 
Spacecraft stabilization 

Group I1 

i. Pointing of imaging subsystem 
j .  Precise attitude reference 
k. Pointing of communication subsystem 
1. Image motion compensation 
m. Exposure timing and control 
n. Image annotation 

Group I items pertain to the spacecraft's normal G&C operations 
while those in Group I1 are required specifically for the operation 
of the onboard imaging system. Although only Group I1 requirements 
are derived in the following sections, G&C systems capable of both 
Group I and Group I1 operations were considered as well as those only 
for the latter. In the following section a representative example of 
each is presented. These typical (not necessarily optimum) configura- 
tions are then used to aid in the generation of specific guidance and 
control requirements. 

The Guidance and Control Subsystem 

At present, techniques exist for processing appropriate pairs of 
skew-oriented photographic images so as to yield orthographic and 
contour map representations of the imaged areas. Such techniques, 
however, are time consuming rsquiring cross-correlation of both images 
at increments of displacement corresponding to the smallest resolution 
element in either image. In addition, they yield no absolute level 
plane (geodetic reference figure) or position reference. The data to 
be obtained from any complete planetary survey would (in most instances) 
overload our capability to process the primary images in the above 
manner. Thus, it has been assumed that the primary objectives of the 
systems proposed and discussed in this study are: 

a. To supply an absolute reference for the resulting maps to 
the accuracy specified in Table I, and 
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b. To provide sufficient reference information for each image 
so that the entire map generation process can be reduced to 
a completely automatic explicit process; so that correlation 
or similar scan and evaluation techniques prove unnecessary. 

It is in light of these objectives that the two basically 
different G&C systems have been postulated as already noted. One will 
only meet Group I1 operational requirements (Figure 14) lacking as it 
does any inertial measurement (or reference) unit. Image attitude 
reference is obtained through continuous use of the various celestial 
trackers. The other (Figure 15), in addition to providing a combined 

IMAGE DATA 

COMMANDS COMMANDS 

Figure 14.- Cartographic-support-limited guidance, naligation 
and control system schematic 

Group I & I1 capability, through incorporation of a larger digital 
computer and an inertial mecsurement unit, also provides a smooth 
inertially derived attitude reference which needs to be updated only 
periodically by the various celestial trackers. 

In both systems, all onboard sensors and optical elements are 
maintained in alignment through mounting to a common rigid navigation 
base. In both systems, basic navigation is performed by the DSIF. 
Precise determination of the spacecraft's position in orbit need not 
be made, however, on a real-time basis. If each image is adequately 
annotated (time, attitude, etc.) post-flight trajectory processing 
would prove satisfactory. In the more complicated system (particu- 
larly because it is configured so as to guide and control the entire 
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space  v e h i c l e  from boos t  through t h e  c a r t o g r a p h i c  o p e r a t i o n ) ,  a w i d e r  
range  of  onboard f u n c t i o n s  can b e  provided t h a n  by t h e  system w i t h o u t  
a complete i n e r t i a l  r e f e rEnce  u n i t .  F igu re  1 4  shows image motion 

SPACECRAFT THRUST SPACECRAFT ATTITUDE 
COMMANDS COMMANDS 

Figure  15.- Overa l l -mis s ion -capab i l i t y  guidance,  
n a v i g a t i o n ,  and c o n t r o l  system 

and image exposure c o n t r o l l e d  d i r e c t l y  by means of t h e  s i g n a l s  gen- 
e r a t e d  by s p e c i a l  onboard o p t i c a l  s enso r s .  I n  F igu re  15 ,  o p t i o n s  are 
provided f o r  completely a n a l y t i c a l  o r  mixed a n a l y t i c a l - o p t i c a l  o r  
completely o p t i c a l  approachs.  

An impor tan t  d i f f e r e n c e  between t h e  two G&C systems is  a s s o c i a t e d  
w i t h  t h e  u s e ,  o r  l a c k  of u s e ,  of a g y r o s c o p i c a l l y  d e r i v e d  a t t i t u d e  
r e f e r e n c e .  When t h e  i n e r t i a l  measurement u n i t  i s  p r e s e n t ,  t h e  accuracy  
r e q u i r e d  of t h e  ce les t ia l  t r a c k e r s  i n  o n l y  on t h e  o r d e r  of  t h a t  re- 
q u i r e d  t o  m e e t  t h e  p o s i t i o n a l  accuracy s p e c i f i c a t i o n s  of  Table  I .  
Completely au tomat ic  p rocess ing  of t h e  images i s  s t i l l  p o s s i b l e  be- 
cause  ( excep t  f o r  unusua l ly  h igh  gyro d r i f t  rates) t h e  change i n  
a t t i t u d e  between cor responding  image p a i r s  w i l l  be  s m a l l  compared t o  
a s i n g l e  r e s o l u t i o n  element .  For a system wi thou t  an i n e r t i a l  a t t i t u d e  
r e f e r e n c e ,  e i t h e r  t h e  accuracy  of t h e  ce les t ia l  t r a c k e r s  must  b e  6 
t i m e s  as g r e a t  as  t h a t  f o r  t h e  more complicated system ( s i n c e  t h e  
dimension of an o b j e c t  r e s o l u t i o n  element is  b u t  1 / 6  of t h a t  of t h e  
s p e c i f i e d  p o s i t i o n a l  accuracy)  o r  t h e  map g e n e r a t i o n  p rocess  must be  
inc reased  i n  compl ica t ion .  I n  t h e  l a t t e r  i n s t a n c e ,  e i t h e r  some form 
of image c o r r e l a t i o n  must a g a i n  b e  employed or man must  be in t roduced  
i n t o  t h e  loop f o r  t h e  purpose of i d e n t i f y i n g  common r e f e r e n c e  p o i n t s  
i n  cor responding  images. I n  e i t h e r  case, guidance and c o n t r o l  accuracy  
requi rements  are d i r e c t l y  r e l a t e d  t o  c a r t o g r a p h i c  requi rements .  
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P o s i t i o n  and A t t i t u d e  i n  O r b i t  

The p o s i t i o n a l  u n c e r t a i n t y  of image l o c a t i o n  i n  t h e  object p l ane  
i s  a combined f u n c t i o n  of  t h e  o r b i t a l  p o s i t i o n  and a t t i t u d e  r e f e r e n c e  
u n c e r t a i n t i e s  of t h e  s p a c e c r a f t  (F igure  1 6 ) .  I f  it i s  assumed t h a t  
t h e  a l t i t u d e  of  t h e  s p a c e c r a f t  above t h e  p l a n e t a r y  s u r f a c e  i s  s m a l l  
compared wi th  t h e  r ad ius  of t h i s  s u r f a c e  and t h a t  t h e  a t t i t u d e  
r e f e r e n c e  u n c e r t a i n t y  i s  s m a l l ,  t h e  rss va lue  of t h e  e r r o r  i n  image 
l o c a t i o n  i s  g iven  by 

TRUE LOCAL 
VERTICAL 

CONE ANGLE 
OF ATTITUDE 
REFERENCE 
UNCERTAINTY 

HORIZONTAL 
CIRCLE OF 
SPACECRAFT 
POSITIONAL 
UNCERTAINTY\ 

CIRCLE OF CARTOGRAPHIC 
\ 

POSITIONAL UNCERTAINTY \ y+ UNCERTAINTY 
( RSS COMBINATION OF SPACE- 
CRAFT ATTITUDE REFERENCE 
AND POSITIONAL UNCERTAINTIES 1 j\ 94 

Figure  1 6 . -  Geometry of image p o s i t i o n a l  
u n c e r t a i n t y  

A va lue  of ~ i l  i s  r e q u i r e d  f o r  each  mapping scale  i n  o r d e r  t o  s o l v e  
p a r a m e t r i c a l l y  f o r  t h e  terms on t h e  r i g h t  hand s i d e  of Eq. ( 2 5 ) .  
Now, t h e  e n t i r e  s u r f a c e  area of t h e  p l a n e t  w i l l  be imaged t w i c e  
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( ignor ing  o v e r l a p )  so t h a t  an accuracy improvement on t h e  o r d e r  of 
fi f o r  any p o s i t i o n  de te rmina t ion  should be expected over  t h a t  of any 
s i n g l e  de t e rmina t ion .  Thus, us ing  Table  I ,  ~ i l  t a k e s  on va lues :  

E ( m e t e r s )  

423 

2 1 2 0  

il Scale 

6 1 : l O  

1 : 5  x 1 0  6 

Assuming a s p h e r i c a l  d i s t r i b u t i o n  f o r  s p a c e c r a f t  p o s i t i o n a l  u n c e r t a i n t y ,  
Eq .  (25)  has  been r ep resen ted  g r a p h i c a l l y  by F igu res  1 7  and 1 8  f o r  t h e  
1:106 and 1 :5  x l o 6  scales ,  r e s p e c t i v e l y .  For t h e  former,  cu rves  w e r e  
genera ted  f o r  t h e  v a l u e s  1 0 0 ,  2 0 0 ,  300, and 400  meters o r b i t a l  p o s i t i o n  
u n c e r t a i n t y ;  f o r  t h e  l a t t e r ,  va lues  of 4 0 0 ,  8 0 0 ,  1 2 0 0 ,  1 6 0 0  and 2000 
meters w e r e  employed. The r e s u l t i n g  a l t i t u d e  dependence p o i n t s  o u t  
t h e  va lue  i n  achiev ing  as low an  o r b i t  as  p o s s i b l e  f o r  a p a r t i c u l a r  
mapping s i t u a t i o n .  

000 

I I I 1  I I I I I I  
I 2 3 4 5  IO I5 
(ARCMIN) 

ATTITUDE ACCURACY REQUIREMENTS 

Figure  1 7 . -  Required r e f e r e n c e  a t t i t u d e  accuracy 
1; 1 0 6  scale mapping 
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300 

I I I I l l l l l  I I 1  1 1 1  I 
I 2 3 4 5  IO 15 20 30 40 5060 120 

( A R C M I N  1 
ATTITUDE ACCURACY REQUIREMENTS 

Figure  18 . -  Required r e f e r e n c e  a t t i t u d e  accuracy 
1 :5  x l o 6  scale mapping 

I f  an onboard G&C system of t h e  class r e p r e s e n t e d  by F igu re  1 4  
i s  t o  be employed, t hen  F igu re  17 o r  1 8  may be  used d i r e c t l y  t o  o b t a i n  
t h e  l i m i t i n g  a c c u r a c i e s  f o r  t h e  onboard o p t i c a l  s e n s o r s .  I f  a system 
of t h e  class r e p r e s e n t e d  by F igu re  1 5  i s  s e l e c t e d  (wi th  a l l  t h e  
r e s u l t a n t  s i m p l i f i c a t i o n s  i n  t h e  image p rocess ing  o p e r a t i o n ) ,  t hen  t h e  
e f f e c t  of gy ro  d r i f t  between p e r i o d s  o f . a t t i t u d e  update  must be con- 
s i d e r e d .  The rss va lue  of cattitude i s  g iven  by 

'3 1'2 ) 2  + ( t  x d 
a t t i t u d e  gyro 

E ( 2 6 )  

where G4init = i n i t i a l  angu la r  misal ignment  ( t r a c k e r  accuracy)  
t = t i m e  between updates  

= 3 a x i s  combined gyro  d r i f t  ra te  
gy ro  

d 

For t h e  g r a p h i c a l  r e p r e s e n t a t i o n  of Eq. ( 2 6 ) ,  d i s c r e t e  v a l u e s  of 
and d w e r e  chosen which correspond t o  a c t u a l  classes of 

" i n i t  gyro  
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equipment performances. Thus, va lues  of .OOl-deg/hr, .Ol-deg/hr 
and . l -deg/hr  w e r e  used f o r  gyro  d r i f t  ra te  and of 1 0  a rcseconds ,  20  
arcseconds,  1 arcminute ,  3 arcminutes ,  6 a rcminutes ,  and 1 0  a rc -  
minutes  f o r  t h e  accu rac i e s  of t h e  celest ia l  t r a c k e r s  t o  be  used f o r  
i n i t i a l  a t t i t u d e  alignment o r  update .  A t t i t u d e  accuracy i s  then  
shown a s  a f u n c t i o n  of  t i m e  between update  by F igure  1 9 .  
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F’igure 1 9 . -  Propagat ion of a t t i t u d e  r e f e r e n c e  e r r o r s  
Camera Po in t ing  Accuracy 

The problem of p o s i t i o n  and a t t i t u d e  r e f e r e n c e  i s  desc r ibed  i n  
t h e  preceeding s e c t i o n .  The problem of camera po in t ing  accuracy on 
t h e  o t h e r  hand is  no t  n e a r l y  s o  seve re  as may have been expected.  
Image ove r l ap  ( i n  p a r t )  i s  provided so  a s  t o  absorb t h e  v a r i o u s  image.  
f i e l d  displacement  e r r o r s  due t o  camera po in t ing  e r r o r s ,  o r b i t a l  
nav iga t ion  (and hence o r b i t a l  pe r iod )  e r r o r s  and exposure t iming 
e r r o r s .  Here, camera po in t ing  e r r o r s  a r e  examined. 

G(yaw) ( r o t a t i o n  about  t h e  l o c a l  v e r t i c a l ) .  I f  t h e  maximum image 
Image f i e l d  r o t a t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  camera yaw e r r o r  
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displacement  e r r o r  due t o  yaw i s  l i m i t e d  t o  one-fourth of t h e  image 
ove r l ap  (a  va lue  of 1 0  pe rcen t  image ove r l ap  i s  used throughout t h i s  
r e p o r t )  t h e n  it can be shown t h a t ,  

6 (yaw) = k 2' 4 8 '  ( 2 7 )  

To o b t a i n  t h e  l i m i t s  on 6 (yaw) f o r  o t h e r  f r a c t i o n s  of t h e  image over- 
l a p ,  d i r e c t  p r o p o r t i o n a l i t i e s  should be app l i ed .  

The e f f e c t s  of r o l l  and p i t c h  (or  c r o s s  l o c a l  v e r t i c a l )  e r r o r s ,  
on t h e  o t h e r  hand, are a l t i t u d e  dependent. (F igure  2 0 )  has  been pre- 
pared f o r  both t h e  n a d i r  po in t ing  and ob l ique  po in t ing  c a s e s  a l lowing 
a maximum image displacement  i n  e i t h e r  d i r e c t i o n  (down range o r  c r o s s  
range)  of one-half of t h e  1 0  pe rcen t  ove r l ap  (or 5 pe rcen t  of t h e  
e n t i r e  image a r e a ) .  By use of f i e l d  of view r a t h e r  than  a l t i t u d e  a s  
t h e  independent v a r i a b l e ,  a l l  t h e  a p p r o p r i a t e  mapping parameters  
( s c a l e ,  r e s o l u t i o n  number, a l t i t u d e )  a r e  covered by t h e  two curves  of 

F igure  20.  This  approach i s  then  c o n s i s t e n t  w i th  F igu res  8 through 11. 
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Figure  20.-  Camera po in t ing  accuracy requirements  i n  r o l l  and 
p i t c h  (5% maximum image d isp lacements )  
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Image Motion Compensation 

To m e e t  g iven  r e s o l u t i o n  requi rements ,  t h e  product  of image 
motion r a t e  and l e n g t h  of t h e  maximum image exposure t i m e  should be 
some moderately smal l  f r a c t i o n  of t h e  l e a s t  r e s o l u t i o n  element.  Before 
developing in s t rumen ta t ion  t o  provide  r equ i r ed  image motion compensa- 
t i o n ,  it i s  necessary t o  determine t h e  sources  and e x t e n t  of t h i s  
motion. H e r e ,  t h r e e  such sources  a r e  i d e n t i f i e d  and q u a n t i t a t i v e  
r e s u l t s  a r e  genera ted  ( a s  a p p l i c a b l e )  f o r  t h e  Moon, M a r s ,  and J u p i t e r .  
The t h r e e  sources  are: 

1. Angular ra te  of s p a c e c r a f t  r o t a t i o n  about each of i t s  
t h r e e  axes ( r o l l ,  p i t c h ,  yaw). 

2 .  O r b i t a l  v e l o c i t y  of t h e  s p a c e c r a f t  above t h e  s u r f a c e  of 
t h e  p l a n e t  (north-south motion f o r  a p o l a r  o r b i t ) .  

3 .  Tangent ia l  v e l o c i t y  a t  t h e  p l a n e t ' s  s u r f a c e  due t o  d i u r n a l  
r o t a t i o n  ( f u n c t i o n  of l a t i t u d e ) .  

A va lue  of 0 . 0 1  deg/sec has  been used as r e p r e s e n t a t i v e  of t h e  
angular  ra te  of s p a c e c r a f t  r o t a t i o n .  For o t h e r  v a l u e s ,  t h e  image 
motion r a t e  d a t a  may be s c a l e d  accord ingly .  A yaw r a t e  produces 
maximum image motion a t  t h e  edge of t h e  f i e l d .  A h igher  r e s o l u t i o n  
number (n )  means a l a r g e r  image f i e l d .  Thus image motion due t o  a 
r a t e  of r o t a t i o n  about  t h e  yaw a x i s  (F igure  2 1 )  i s  a f u n c t i o n  of t h e  
number of r e s o l u t i o n  elements and t h e  mapping scale. (Image motion 
i s  presented  i n  t e r m s  of apparent  o b j e c t  p l ane  motion throughout  t h i s  
development.) Image motion due t o  p i t c h  ( o r  r o l l )  motion, on t h e  
o t h e r  hand, i s  only a func t ion  of a l t i t u d e  f o r  s m a l l  t o t a l  angular  
displacements  about  t h e  d e s i r e d  po in t ing  d i r e c t i o n  (F igure  2 2 ) .  
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Figure  21 . -  Image motion a t  edge of f i e l d  due t o  O.OlO/sec yaw rate  
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Figure  2 2 . -  Image motion due t o  p i t c h  (o r  r o l l )  
r a t e  o f  O.Ol"/sec 

The t a n g e n t i a l  v e l o c i t y  of  a s p a c e c r a f t  due t o  i t s  o r b i t a l  motion 
i s  a f u n c t i o n  of  bo th  t h e  s p e c i f i c  p l a n e t  and t h e  d i s t a n c e  of  t h e  
s p a c e c r a f t  from i t s  c e n t e r .  (For purposes  of s i m p l i f i c a t i o n ,  it has  
been assumed t h a t  a l l  s p a c e c r a f t  o r b i t s  are  e s s e n t i a l l y  c i r c u l a r ) .  
The cu rves  of (F igu re  23) g i v e  v a l u e s  f o r  t h i s  sou rce  of image motion 
as a f u n c t i o n  of a l t i t u d e  f o r  t h e  Moon, Mars, and J u p i t e r .  Th i s  i s  
t h e  major component of image motion. 

The d i u r n a l  r o t a t i o n  of t h e  Moon produces n e g l i g i b l e  image 
motion (F igure  2 4 a )  having a maximum va lue  a t  i t s  equator  o f  less 
than  5 m / s e c .  Mars, on t h e  o t h e r  hand, produces moderate v a l u e s  of 
t h i s  same q u a n t i t y  having a r a t e  of  about  2 4 0  m/sec a t  i t s  equa to r  
(F igu re  2 4 b ) .  J u p i t e r  w i t h  i t s  l a r g e  r a d i u s  and s h o r t  d i u r n a l  p e r i o d  
has  e q u a t o r i a l  ra tes  of over  1 2 , 0 0 0  m / s e c  (F igu re  2 4 c ) .  Such ra tes  
are on t h e  o r d e r  of magnitude of  t h o s e  due t o  s p a c e c r a f t  o r b i t a l  
motion (F igu re  2 3 ) .  

S p e c i f i c  App l i ca t ions  

To i l l u s t r a t e  t h e  u s e  of t h e  tables ,  g raphs ,  and numerical  
r e s u l t s  p re sen ted  i n  t h i s  paper ,  a s p e c i f i c  miss ion  has  been s e l e c t e d  
f o r  t h e  g e n e r a t i o n  of  guidance and c o n t r o l  requi rements .  L e t  u s  
suppose t h a t  it i s  d e s i r e d  t o  map Mars a t  a scale of 1:106 from p o l a r  
o r b i t .  
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Figure  23.- Apparent n o r t h e r l y  o b j e c t  p lane  motion 
due t o  s p a c e c r a f t  o r b i t a l  motion 

A s s u m e  t h a t  t h e  imaging system has a r e s o l u t i o n  of 2 0 0 0  l i n e s .  
Table  X shows t h a t  t h e  lowest  a l t i t u d e  quantum level  above ( say )  200 
km has a quantum number K = 18 and l i e s  a t  about  250 km above t h e  
mean Mart ian equator .  Thus it w i l l  t a k e  1 8  Mart ian d i u r n a l  pe r iods  
(about 18.5 Ea r th  days)  f o r  one complete coverage. The o r b i t a l  
per iod  of t h e  s p a c e c r a f t  i s  111 .27  minutes.  From Figure  8 ,  w e  no te  
t h a t  a n a d i r  p o i n t i n g  system i s  pe rmis s ib l e  and t h a t  t h e  r e s u l t i n g  
f i e l d  of view should be 22.5 degrees .  

I t  i s  assumed t h a t  t h e  schematic of F igure  1 5  ( inc lud ing  an 
i n e r t i a l  measurement u n i t )  r e p r e s e n t s  t h e  class of guidance and con- 
t r o l  i n s t rumen ta t ion  t o  be used aboard t h e  s p a c e c r a f t .  I f  t h e  p o s i t i o n  
of t h e  s p a c e c r a f t  i n  t h e  Mart ian o r b i t  cannot  be known t o  b e t t e r  than  
4 0 0  m ( a f t e r  a p p r o p r i a t e  p o s t - f l i g h t  f i l t e r  p r o c e s s i n g ) ,  then  F igure  
1 7  i n d i c a t e s  t h a t  t h e  accuracy of  t h e  a t t i t u d e  r e fe rence  should no t  
degrade below 115 arcseconds (about  2 a r cminu tes ) .  

With an o r b i t a l  pe r iod  of about  1 1 0  minutes ,  a complete pas s  over  
t h e  i l l umina ted  hemisphere w i l l  t a k e  55 minutes .  I f  a l ignment  i s  
achieved j u s t  p r i o r  t o  passage over  t h e  p o l e  and no t  c o r r e c t e d  dur ing  
t h e  nex t  55 minutes  (one p o s s i b i l i t y ,  as determined by t h e  a c t u a l  
i n s t rumen ta t ion  t o  be employed), then  F igure  1 9  shows t h a t  i n i t i a l  
alignment must be t o  t h e  o r d e r  of one arcminute and gyro d r i f t  r a t e s  
should be bounded a t  about  0 .05  deg/hr.  
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OBJECT PLANE RATE (METERISEC) 

Figure  2 4 . -  E a s t e r l y  o b j e c t  p l ane  motion due t o  d i u r n a l  r o t a t i o n  

Equation ( 2 7 )  y i e l d s  a maximum permi t ted  ampli tude of camera 
r o t a t i o n  about t h e  yaw a x i s  of about  2-3/4 degrees .  P i t c h  and r o l l  
angular  d e v i a t i o n s ,  however, have maximum bounds of about 1 degree  
(from Figure  20 wi th  a 22.5-deg f i e ld -o f -v i ew) .  

Image motion due t o  s p a c e c r a f t  a t t i t u d e  motion i s  smal l .  Trans- 
l a t i o n a l  ra tes  a t  t h e  edge of t h e  f i e l d  due t o  0 . 0 1  deg/sec yaw r a t e  
are about 1 2  m / s e c  (F igure  2 1 ) .  A s imilar  p i t c h  o r  r o l l  r a te  w i l l  
r e s u l t  i n  about  45 m/sec of image motion (F igure  2 2 ) .  However, t h e  
s p a c e c r a f t ' s  o r b i t a l  motion r e s u l t s  i n  an apparent  o b j e c t  p lane  motion 
of almost 3200 m / s e c  (F igure  23) and Mars d i u r n a l  r o t a t i o n  produces 
an e a s t e r l y  motion of up t o  2 4 0  m / s e c  (F igure  24b) .  

The foregoing  r e s u l t s  then  may be used t o  i n i t i a t e  a d e t a i l e d  
s tudy of t h e  s e l e c t e d  miss ion  and provide  an i n d i c a t i o n  of computer 
s i z i n g  and in s t rumen ta t ion  t r a d e o f f s  upon which t o  base  such a s tudy .  

V. CONCLUSIONS 

The r e s u l t s  of  a pre l iminary  s tudy  of t h e  guidance and c o n t r o l  
requirements  of p l a n e t a r y  car tography a r e  presented  i n  t h i s  r e p o r t .  
The paramet r ic  formula t ion  of t h e  imaging process  i n  terms of mapping 
s c a l e ,  image r e s o l u t i o n ,  s p a c e c r a f t  a l t i t u d e ,  and camera f ie ld-of -v iew 
permi t ted  ana lyses  of g e n e r a l  v a l i d i t y  over  a range of miss ions .  O r b i t  
s e l e c t i o n  r u l e s  w e r e  de r ived  which m e e t  t h e  requirement  f o r  complete 
and unique mapping coverage of t h e  v a r i o u s  p l a n e t s  (as l i m i t e d  on ly  by 
o r b i t a l  i n c l i n a t i o n ) .  De ta i l ed  guidance and a t t i t u d e  c o n t r o l  l i m i t a -  
t i o n s  were e s t a b l i s h e d  f o r  1:106 scale mapping of t h e  Moon and Mars 
and 1:5 x 1 0 6  scale mapping of Mars and J u p i t e r .  
d i scussed  i n  t e r m s  of r e p r e s e n t a t i v e  in s t rumen ta t ion  subsystems. 

These r e s u l t s  w e r e  

The above-mentioned i t e m s  form one product  of t h e  s tudy .  Another 
product ,  p o s s i b l y  of equa l  importance,  w a s  t h e  d e f i n i t i o n  of a s s o c i a t e d  
problems; an i d e n t i f i c a t i o n  of  "unanswered q u e s t i o n s " ,  and a l i s t i n g  
of those  a r e a s  of s tudy  which would r e q u i r e  f u r t h e r  e l a b o r a t i o n  when 
cons ider ing  t h e  des ign  o f  a s p e c i f i c  s p a c e c r a f t  system. A l i s t i n g  of 
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such items for additional study includes (although not necessarily 
in order of important): 

1. 

2. 

3 .  

4. 

5. 

6. 

A determination of anticipated tracking accuracy in terms of 
basic D S I F  limitations and estimated uncertainties in the 
models of the various relevant gravitational fields 

The prediction of the deviations (perturbations) to be 
experienced by a spacecraft in planetary orbit (after the 
methods of Karrenberg, Levin and Luders) 

Practical considerations of the attitude alignment opera- 
tion. 

An inclusion of actual planet geometry (inclination, 
orientation, orbitai motion, orbital shape) in studies 
of illumination levels and mapping coverage 

Needed data-rates will establish the type(s) of communica- 
tion link(s) to be specified for given missions. Thus the 
expected data densities, data transmission and processing 
techniques and the data link transducer pointing problems 
need to be studied. 

Planetary horizon sensors and surface feature trackers do 
not yet exist. Necessary to any such component development 
would be the analysis of the various models of planetary 
atmospheres in order to identify particular invariant 
horizon signatures. 

Effort should be directed toward each of the above problem areas 
(and others as they evolve) if specific guidance and control require- 
ments are to be established and corresponding instrumentation 
developed for selected mapping missions. A technological base would 
then result which would permit the cartographic operations described 
in this study. 
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